Representatives of a large number of bacterial isolates that produced clearings in xylan agar medium in an earlier study were characterized in greater detail. Butyrivibrios and ruminococci predominated. Three different biotypes of Butyriuibrio jbrisoluens, all non-cellulolytic, were identified on the basis of net acetate production or uptake, or the production of propionate. The only variable characteristic observed within the group of Ruminococcus albus isolates was the ability to solubilize cellulose. In contrast, all typical Ruminococcus JIauefaciens isolates were cellulolytic. Other bacteria that occurred in smaller numbers belonged to the genera Eubacterium, Coprococcus, Fusobacterium, Bacteroides, Treponema and Clostridium. 
Representatives of a large number of bacterial isolates that produced clearings in xylan agar medium in an earlier study were characterized in greater detail. Butyrivibrios and ruminococci predominated. Three different biotypes of Butyriuibrio jbrisoluens, all non-cellulolytic, were identified on the basis of net acetate production or uptake, or the production of propionate. The only variable characteristic observed within the group of Ruminococcus albus isolates was the ability to solubilize cellulose. In contrast, all typical Ruminococcus JIauefaciens isolates were cellulolytic. Other bacteria that occurred in smaller numbers belonged to the genera Eubacterium, Coprococcus, Fusobacterium, Bacteroides, Treponema and Clostridium.
I N T R O D U C T I O N
The natural diet of ruminants is fibrous herbage consisting mainly of cellulose and hemicellulose in about equal proportions. Energy is derived from these components through the action of anaerobic cellulolytic and hemicellulolytic rumen bacteria. While much attention has been given to the cellulolytic bacteria (Hungate, 1950; Kistner, 1965; van Gylswyk & Schwartz, 1984) much less has been devoted to the hemicellulolytic bacteria (Dehority, 1973; Henning, 1979) . Typical ruminal species that have been identified as important in hemicellulose digestion are Butyriuibrio jbrisoluens, the ruminococci and Bacteroides ruminicola (Howard et al., 1960 ; Dehority, 1973 ; Kock & Kistner, 1969) . Bacteroides succinogenes and strains of Ruminococcus jlauefaciens were found to degrade hemicellulose but were hardly able to utilize the hydrolysis products (Dehority, 1965 (Dehority, , 1973 . Species of which some strains have been found to degrade xylan include Eubacterium ruminantium (Bryant, 1959) and Treponema species (Paster & CanaleParola, 1982) .
Data on numbers of xylanolytic or hemicellulolytic bacteria in the rumen are few and those on the numbers within each species even fewer. When Henning (1979) used agar medium containing 0.3% xylan, xylanolytic bacteria accounted for more than 70% of total viable counts. Counts of bacteria that produced clearings in 3% xylan agar medium comprised only about 7% of total viable counts. However, Morris & van Gylswyk (1980) found that isolates from the latter group generally degraded xylan more extensively than isolates from the larger group. Van der Linden et al. (1984) made a study of the fibre-digesting bacteria in the rumen of sheep fed maize straw diets and estimated the numbers of xylanolytic bacteria capable of producing clearings in 3% xylan agar medium. A large number of isolates, picked randomly, were presumptively identified and estimates were made of the proportional distribution of the different species. The majority of isolates could be grouped without much difficulty but a number of isolates did not belong to species generally found in the rumen. The present work describes the characteristics of the latter and some of the characteristics of atypical and typical isolates of the more common ruminal species.
M E T H O D S
Isolares. Van der Linden er al. (1984) examined 524 isolates of bacteria from colonies that produced clearings in -3O0 xylan agar medium and classified these on the basis of morphology, ability to ferment ball-milled filter paper cellulose and, in the case of representative isolates from each group, the principal end-products of xylan fermentation. For the present study 83 isolates were selected for further characterization (Table I) . These isolates were characterized to a greater or lesser degree depending on whether they were recognized as common inhabitants of the rumen or whether they were atypical, or types found less frequently, or were not previously reported from this habitat. The 83 isolates were reisolated to ensure culture purity. Culture tcchniyuc1.s. Procedures for obtaining and maintaining strictly anaerobic culture conditions were as described by van Gylswyk & Hoffman (1970) .
M d i u . The composition of the basal medium was as follows (gl-l) The medium for reisolation was basal medium to which was added agar (2Og1-I) and xylan (3Og1-I).
For maintenance slopes the concentration of the mineral nutrients was doubled and agar (15gl-I) and xylan (Fluka; 15 g I-' ) were added. Medium ofthis composition was also used when testing for the ability to produce gas or catalase and when cells were grown for determining motility, but in the last case the xylan content was reduced to 5 g l -I .
Fermentation products were determined in basal medium plus 10 g xylan I-'. This medium, with the following additions, was used in various tests as specified: peptone (Merck, a tryptic digest of casein; 1Ogl-') for HIS production; KN0,3( 1 g I-') for nitrate reduction; casitone (Difco; l o g 1-I) for production of indole or amethylindole; glucose ( 5 g I-' ) for production of acetylmethylcarbinol.
Basal medium with the following additions was used for the tests indicated : sodium DL-lactate (16 g I-' ) for lactate utilization; gelatin (120 g I-!) plus cellobiose (2 g 1-I) for gelatin liquefaction; glucose ( 5 g I-') when cells were grown for determining the G + C mol'ji of the DNA (except in the case of the two isolates of the group classified as fusobacteria which were grown on xylan agar maintenance medium); Bacto-peptone (Difco; 5 g I-' ), peptone (Merck. a s above; 5 g l -I ) and yeast extract (Merck; IOgl-I) for ability to grow in the absence of carbohydrate.
The ability to ferment different carbon sources ( 5 g I -I ) was tested in poorly buffered medium containing onetenth of the usual concentration of bicarbonate and equilibrated with a gas phase of 10% CO?, 88% N 2 and 2% H,. This medium, containing xylan (10 g I -I ) as energy source, was used to test for growth at different temperatures, requirement for rumen fluid and C0,-bicarbonate (when these were omitted) and requirement for anaerobiosis (omission of cysteine and sulphide or addition of 5 ml sterile air per 10 ml medium in 30 ml bottles).
Irirntjfication icst.s. Growth in the poorly buffered media was assessed by a change in pH. The ability to grow in the absence of carbohydrate was judged visually from the turbidity of the medium. Motility was detected microscopically after incubating for about 18 h and flagella were observed by electron microscopy (van Gylswyk, 1980) . Splitting of agar in agar cultures served as the criterion for gas production.
The ability to utilize lactate was assessed by determining the lactate concentration of cultures with D-and Llactate dehydrogenase (Anon., 1980) . The following end-products of xylan fermentation were determined by enzymic methods (Anon., 1980) : formate, acetate, D-and L-lactate, succinate and ethanol. Volatile acids were determined by GLC essentially according to Holdeman rt d., (1977) . These acids were quantified by including caproic acid as internal standard, so caproic acid production could not be assessed directly. However, comparing the peak heights of caproic acid in chromatograms of samples with those of standard solution under the same conditions showed that no significant amounts of this acid were produced by any of the isolates. Analyses were done at least twice on each sample.
For determining the base composition of the DNA from representative isolates, cells from I7 to 24 h cultures were harvested by centrifugation, lysed with SDS (Marmur, 1961) , and the DNA was isolated and purified by dissolving, precipitating and centrifuging several times according to the method of Meyer & Schleifer (1975) . The G + C mol% was estimated from the A2J5/AZ70 ratio (Ulitzur, 1972) . DNA from Clostridium perfringens, Escherickia coli, h4icrococcu.s ljwdrikticus, calf thymus and salmon sperm (all from Sigma) were used as standards.
Hydrogen sulphide production was determined with lead acetate-impregnated filter paper (Conn, I95 I) . Production of catalase, nitrite from nitrate, acetylmethylcarbinol and indole, as well as liquefaction of gelatin, were assessed by the methods of Holdeman et al. (1977) .
The results of the identification tests were based on at least two determinations.
R E S U L T S A N D D I S C U S S I O N
Most of the 83 isolates representative of the different groups of xylanolytic bacteria could be identified with recognized species. Results of all of the tests have been deposited with the British Butyricibrio. All 26 isolates were Gram-negative curved rods that produced formate, butyrate and L-lactate from xylan. Of the isolates 16 utilized acetate while the remainder produced acetate. Two of the latter group produced propionate (> 1 mM) in addition to the other acids. The acetate-utilizing and the acetate-producing isolates would fall in the group 1 and group 2 biotypes, respectively, of Shane et al. (1969) , while the two propionate-producing isolates may represent a third biotype not described previously.
None of the isolates fermented ball-milled filter paper cellulose but the ratio of acetateutilizing to acetate-producing isolates (16: 10) was similar to that (1 1 :8) found for cellulolytic isolates by Shane et al. (1969) , although the isolates in both studies were randomly selected.
Ruminococcus albus. Van der Linden et al. (1 984) found that of 105 pure cultures of isolates of R. albus 36 did not ferment ball-milled filter paper cellulose. The end-products of xylan fermentation were the same (formate, acetate and ethanol) and were produced in about the same proportions for five representative cellulolytic isolates as for 10 non-cellulolytic ones. However, one of the cellulolytic isolates produced a considerable amount of propionate ( 1 . 7 m~) in addition to the usual end-products.
The xylanase and cellulase activities of R. albus appear to be associated with two distinct enzyme complexes (Greve et al., 1984) . A lack of cellulase does not appear to prevent the continued existence of a significant proportion of the R. albus population in the rumen. In earlier work (N. 0. van Gylswyk, unpublished) nearly all of a large number of isolates of this species fermented xylan which, together with the fact that many are not cellulolytic, suggests that R . albus relies more on hemicellulolysis than on cellulolysis for survival in the rumen, even though cellulolytic isolates of R. albus tend to grow more rapidly than either R. Jlauejaciens or B. jbrisolrens on ball-milled filter paper cellulose (van Gylswyk & Labuschagne, 197 1).
Ruminococcus~at.~~uciens. In our previous study (van der Linden et al., 1984) pure cultures of 20 isolates typical of this species and obtained from xylan medium all fermented filter paper cellulose. An additional two isolates had certain characteristics of this species but were atypical in other respects. Both possessed elongated cells. One of them was cellulolytic, and in the present study it fermented 20 different carbon sources and produced propionate (21 mM) while the other did not digest cellulose but produced lactate (28 mM). Both produced acetate and succinate.
Because only one (an atypical isolate) of 1 1 isolates of R. Jlauefaciens was non-cellulolytic it appears that lack of ability to degrade cellulose is rare in this species. Some strains cannot utilize, or utilize poorly, the mono-or oligosaccharide degradation products of xylan and other hemicelluloses (Dehority, 1973) and van Gylswyk & Rochk (1970) found that 3 of 10 typical isolates of R . flaz:ejuciens did not ferment xylan. Hence it would appear that this species relies more on the presence of cellulose than hemicellulose for survival in the rumen.
Eubacterium un$vme. These were small, straight, non-motile, non-sporing Gram-positive rods. They fermented a wide range of carbohydrates but were not cellulolytic. The end-products of xylan fermentation were formate, acetate, lactate and ethanol. Rumen bacteria with somewhat similar characteristics were described by Bryant (1959) who placed them in the genus Eubacterium, but no specific epithet was given. N o other record of this species could be found and a new species was created to accommodate these isolates (van Gylswyk & van der Toorn, 1985) .
Eubacterium xylanophilum. This group comprised motile, Gram-positive bacteria that varied in shape from coccoid to straight rods. Only cellobiose, xylan and aesculin were fermented. Products of xylan fermentation were formate, acetate and butyrate. The characteristics of these isolates placed them in the genus Eubacterium but no records of bacteria with similar properties were found. Accordingly a new species was created to accommodate them (van Gylswyk & van der Toorn, 1985) .
Eubacterium cellulosolt~ens. One isolate closely resembled this species but whereas previously described isolates were all cellulolytic this one was not. It produced low concentrations of endproducts in xylan medium and was therefore only weakly xylanolytic which is characteristic of the species (van Gylswyk & Hoffman, 1970; Prins et al., 1972) .
Coprococci These were Gram-positive, non-motile cocci. All three isolates fermented arabinose, cellobiose, galactose, glucose, lactose, maltose, pectin, xylan and xylose but differed in their ability to ferment a number of other carbon sources. The end-products of xylan fermentation were formate, acetate and butyrate with or without lactate. The G + C content of the DNA was 41 mol% for one of the isolates tested.
As these isolates did not grow, or grew poorly, in carbohydrate-free peptone/yeast extract medium, actively fermented carbohydrates with the production of formate, acetate and butyrate, and had a G + C content in the vicinity of 4Omol%, they could be placed in the genus Coprococcus . Although there were differences between isolates, for instance in the production of lactate, ability to ferment certain carbohydrates and tendency to form chains, it was decided that they probably belong to the same species. In general, the characteristics corresponded closely to those of Coprococcus eutactus in G + C content of the DNA, ability to ferment certain carbon sources, fermentation endproducts, temperature tolerance, production of acetylmethylcarbinol and gas, failure to produce catalase, indole and hydrogen sulphide, and failure to liquefy gelatin or reduce nitrate to nitrite. However, there were some differences, one of the main ones being that our isolates fermented arabinose while those of did not. Nevertheless, our three isolates should probably be included in the species C. eutactus, which has previously been found only in human faeces .
Fusobacterium. Four isolates were examined. They were Gram-negative with cell shape varying from coccoid or oval to rods. Two of them were motile with one, or possibly two, flagella per cell while the others were non-motile. All fermented L-arabinose, cellobiose, maltose, salicin and xylan but they differed in their ability to ferment 12 other carbon sources. All four isolates produced gas, formate, acetate and D-lactate and three also produced butyrate. Despite considerable heterogeneity among the isolates, the general pattern of characteristics indicated that they should be grouped in a single taxon. The G + C content of the DNA was the same (49molx) for a motile and a non-motile isolate. Tests indicative of attack on protein were negative. The characteristics conformed most closely to those of the genus Fusobacteriunz (Holdeman et al., 1977) . However, the G + C content of the DNA for most of the fusobacteria examined ranges from 26 to 34 mol% . For our isolates it was much higher (49molx) which, although not excluding them from this genus, throws doubt on the validity of such a classification. More information is required on more isolates before assigning them to a particular species.
Bacteroides ruminicola. Two isolates showing fairly similar characteristics were identified as belonging to this species. They produced acetate, a little formate and different amounts of succinate from xylan. One isolate produced over 30 mM-propionate while the other produced about one-tenth of that amount. They fermented a fairly wide range of carbon sources but were not cellulolytic. The G + C content of the DNA, determined for one of the isolates, was 51 m o l x which was about the same as that for B . ruminicola subsp. bretlis (50.3 mol%; Reddy & Bryant, 1977) .
B. ruminicola is reputed to be among the more numerous bacteria in the rumen and the majority of the isolates studied by Bryant et al. (1958) fermented xylan. It therefore seems that most strains are not capable of producing clearings in xylan agar medium, possibly because the relevant enzymes may be bound to the cells and not readily released. In the original description of B. ruminicola (Bryant et al., 1958 ) the strains examined did not produce propionate. However, Dehority (1966) showed that strains of this species can produce propionate and that this is dependent on the concentration of the energy source. The production of propionate by our isolates is therefore not considered to be unusual.
Bacteroides amylophilus.
A single isolate obtained from a colony which produced a small clearing in xylan agar medium fermented maltose, dextrin and starch but produced little acid (which included succinate) from xylan in liquid medium.
Treponemu. One of two morphologically similar spirochaetes was examined. It produced formate, acetate and succinate in about equal molar proportions and in similar concentrations when either xylan or cellobiose served as substrate. A wide range of carbon sources including xylose and arabinose (the principal constituents of xylan) were fermented. Characteristics agreed in a number of respects with those of Treponema br-yantii (Stanton & Canale-Parola, 19801 , although there were discrepancies in ability to ferment several carbon sources. Also, the G + C content of the DNA (40mol%) was somewhat higher than that of T. bryantii (36 molx). It is felt that our isolate belongs in the species T. bryantii particularly because Paster & Canale-Parola (1 982) suggested that all of their succinate-producing isolates, despite differences among them, should be classified as such. Although these authors found xylanfermenting spirochaetes in the rumen they did not state specifically whether T. bryantii fermented xylan.
Clostridium. Two isolates of sporulating, obligately anaerobic bacteria that were motile straight rods were very versatile in that they fermented 20 of 27 carbon sources tested. They did not produce acid from cellulose. The chief fermentation product from xylan was ethanol, followed by acetate and formate. It is considered possible that this species has not been decribed to date.
The considerable diversity among rumen bacterial species with the potential of attacking hemicellulose, as opposed to the more limited number of species attacking cellulose, gives rise to the question of which particular niche is occupied by each of the hemicellulolytic species in the rumen habitat. This diversity could in part be related to the heterogeneity of hemicelluloses or xylans which differ in structure with the age and part of the plant as well as with the plant species (Aspinall, 1980) . Several enzymes are required to break down the hemicelluloses completely as far as is allowed by limitations imposed by binding to lignin. Hence a knowledge of the carbohydrases and the amount of each produced per unit of bacterial biomass will throw light on the ability of a bacterium to remove blocking side groups and its efficiency in degrading the xylose chains. Work of this nature was done by Howard et al. (1960) in the case of ruminal butyrivibrios. It is unlikely that any particular strain will synthesize optimal amounts of the enzymes required to degrade a particular type of hemicellulose to obtain maximum energy from its components. It is more likely that several species with different enzyme complements cooperate to attain maximal degradation. Considerable scope remains for future studies in this field.
